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a  b  s  t  r  a  c  t
To  improve  electrode  life  during  the  resistance  spot welding  of  galvanized  steel  plates,  an  Al2O3–TiB2
composite  coating  was  synthesized  on  the surfaces  of  spot-welding  electrodes  through  an  electrospark
deposition  process.  The  microstructure,  elemental  composition,  phase  structure,  and  mechanical  prop-
erties  of  the  coating  were  characterized  using  scanning  electron  microscopy,  energy-dispersive  X-ray
spectroscopy,  X-ray  diffraction  analysis,  and  microhardness  testing.  It was  found  that extensive  crack-eywords:
luminum oxide–titanium diboride
lectrospark deposition
opper alloy electrode
ing occurred  in the  monolithic  Al2O3–TiB2 coating  and  at the coating–electrode  interface.  When  the
Al2O3–TiB2 coating  was  deposited  on  electrodes  precoated  with  Ni, the  number  of  defects  decreased  sig-
niﬁcantly.  Further,  delamination  did not  occur,  and  fewer  cracks  were  formed.  The  average  hardness  of the
multilayered  Al2O3–TiB2/Ni coating  was  approximately  2200  HV  and  higher  than  that  of the monolithic
Al2O3–TiB2 coating  (1100  HV).
©  2014 The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by. Introduction
Resistance spot welding is the principal method for joining steel
etal sheets in the automotive industry. Due to the demand for
xtended product life and better quality, the use of Zn-coated steel
heets has increased signiﬁcantly over the last few decades. How-
ver, spot welding electrodes required for these jobs degrade more
uickly when used on coated steels compared to uncoated steels
1]. In order to maximize the lifespan of electrodes, two  primary
ethods have been suggested to reduce the deterioration rate.
he ﬁrst is to use electrodes consisting of a special copper alloy
ugmented with alumina particles dispersed throughout the alloy
atrix. However, production of these electrodes can be expen-
ive, and they are not widely accessible. An alternative method
s surface modiﬁcation of traditional electrodes by electro-spark
eposition (ESD). This is very effective because ESD requires low
et heat input and has the ability to metallurgically bond the coat-
ng to the substrate [2–7]. Dong and Zhou [8] deposited titanium
arbide on the tip of an electrode using ESD, improving the tip∗ Corresponding author at: Hubei Provincial Key Laboratory of Green Materials
or  Light Industry, Hubei University of Technology, Wuhan 430068, China.
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lifespan by about 70%. Chen et al. [9–11] used ESD to deposit a
multi-layer Ni/(TiCP/Ni)/Ni composite coating onto the top surface
of a copper electrode, increasing the lifespan by 57%. As an alter-
native approach for welding zinc coated steel, Luo et al. [12,13]
deposited a TiB2/Ni coating onto the surface of the sheets. The
results indicated that deformation of the electrode was  reduced and
its spot-welding lifespan was much longer than that of an uncoated
electrode on sheet steel without TiB2/Ni coating. We note that the
above ESD coating materials are mainly composed of metal ceram-
ics, having an excellent combination of mechanical and electrical
properties as well as good corrosion and oxidation resistance at
high temperatures [14]. At the same time, it should be noted that
all metal ceramics are single-phase materials. Some researchers
found that Al2O3–TiB2 composites exhibit greater hardness and
chemical stability at high temperatures compared to other conven-
tional cements [15–17]. Meyers et al. [16] found that Al2O3–TiB2
composites prepared from premixed Al2O3 and TiB2 powders have
signiﬁcantly higher fracture toughness and wear resistance than
single phase Al2O3 and TiB2 materials. Therefore, Al2O3–TiB2 com-
posites are regarded as good alternative coating materials to extend
the lifespan of welding electrodes.
Although there has been substantial investigation on using ESD
for various electrode coatings in general, very little research has
been conducted on ESD of Al2O3–TiB2 composite coatings in par-
ticular. In the present work, studies on the ESD of Al2O3–TiB2
composites are discussed. We  show that coating quality can
tion and hosting by Elsevier B.V. All rights reserved.
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tFig. 1. Schematic of electro-spark deposition (ESD) equipment.e improved by depositing the Al2O3–TiB2 composite onto a
i interlayer. The microstructure and microhardness of these
oatings were characterized by SEM, EDX, XRD and micro-hardness
esting.
Fig. 2. SEM images of Al2O3–TiB2 coating, showing: cross-section image (a),ic Societies 3 (2015) 103–107
2. Experimental
Precipitation-strengthened cold-formed B nose domed ﬂat elec-
trodes (composition: Cu–1Cr–0.05Zr by mass%, diameter: 16 mm,
top surface diameter: 6 mm,  length: 23 mm)  were used in this
experiment. Prior to coating, the electrodes were cleaned in and
ultrasonic bath ﬁlled with acetone. A specially sintered Al2O3–TiB2
ceramic rod (composition: Al2O3–45TiB2–10Ni by mass%) and a
commercially pure nickel rod, 6 mm in diameter and 30 mm in
length, were used as an anode for customized electro-spark depo-
sition using a laboratory-developed ESD machine incorporating a
handheld vibrator. The coating process was  conducted for 2 min
in air, at room temperature, using an output voltage of 24 V and a
capacitance of 2000 F for Al2O3–TiB2 and Ni deposition.
The microstructure and composition of the coating cross-
sections were examined using a scanning electron microscope
(SEM) equipped with an energy-dispersive X-ray spectrometer
(EDS). The crystal phases present were identiﬁed using an X-ray
diffractometer (XRD) with Cu K radiation operating at 40 kV and
40 mA.  Mechanical behavior was characterized by measuring aver-
age microhardness of the coating using a HVX-1000 microhardness
tester with a normal load of 50 g applied for 20 s.
 and corresponding element X-ray mapping of Ti (b), Al (c) and Cu (d).
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leads to tensile and compressive stresses at their interface whenFig. 3. ESD images of: cross-section image (a) and elemen
. Results and discussion
.1. The formation mechanism of coatings produced by the ESD
rocess
In our study, laboratory-made ESD equipment was used (Fig. 1),
hich included a pulsed power supply and a vibrator (the vibra-
or’s main components were an eccentric wheel and a vibrating
eed). The power supply provided instantaneous discharge energy
hile the vibrator enabled the coating rod to periodically contact
he electrode cap. The pulsed power supply was a simple RC inter-
ittent pulse generator, in which the DC voltage E, current-limiting
esistance R and energy-storage capacitor C composed the charging
ircuit; while the capacitor C, coating rod, electrode cap and their
ead wires composed the discharging circuit. The coating rod, in
ontact with the vibrating reed, is driven by rotation of the eccentric
heel.
During ESD, the coating rod vibrated up-and-down along with
he vibrating reed. As the electrode moved toward and contacts
he electrode cap, the discharging circuit was completed, and dis-
harge current instantaneously passed through the small contact
rea between the coating rod and electrode cap. Current density
s estimated at up to 105–106 A/cm2, with discharging time a few
icroseconds to a few milliseconds. Due to the high concentration
f discharge energy in time and space, a high temperature of about
000–10,000 K was achieved, resulting in melting or even vapor-
zing local materials in this area [18]. In addition, some materials
eleased from the electrode cap or the coating rod matrix during
he discharge are sputtered to surrounding media. As the coating
od continued to move inward, the coating rod and melted material
n the electrode cap were compressed together, enlarging the con-
act area and reducing the discharge current. Therefore, the current
ensity in the contact area decreased rapidly and contact resistanceping of Ni (b) and Cu (c) for electrode with Ni interlayer.
reduced signiﬁcantly. By this stage, the power in the discharge
was no longer high enough to continue melting the contacting
area or to maintain the original melted state. Meanwhile, due to
cooling by the surrounding air and the metal workpiece matrix,
molten material rapidly cooled and solidiﬁed. Subsequently, the
vibrating reed moved the electrode upwards and away from the
electrode cap. The solidiﬁed material detached from the coating
rod and attached to the electrode cap, becoming a strengthened
point on the electrode cap surface. At the same time, with the dis-
charging circuit now disconnected, the capacitor C was recharging.
In this way, a charging–discharging cycle of ESD was completed. By
repeating this process, moving the coating rod while rotating the
processed electrode cap, strengthened points were overlapped and
fused, eventually forming a strengthened layer on the electrode cap
surface.
3.2. Microstructure of Al2O3–TiB2 coating
Fig. 2 shows SEM images and corresponding element X-ray map-
ping of Al (Fig. 2b), Ti (Fig. 2c), Ni (Fig. 2d) and Cu (Fig. 2e). It was
observed that when Al2O3–TiB2 was  directly deposited onto copper
alloy, some cracks or delamination was  seen, not only within the
Al2O3–TiB2 coating, but also at the interface between the substrate
and coating (Fig. 2a). These types of defects are fundamentally
caused by differences in the coefﬁcient of thermal expansion of
neighboring materials. The coefﬁcients of thermal expansion of
TiB2, Al2O3 and Cu are 4.6, 5.31 and 17.8 × 10−6 m/K  at 293 K,
respectively. The large mismatch between substrate and coatingmolten droplets of Al2O3–TiB2 are deposited onto cold copper alloy
substrate [19]. Thermal tensile stress increased throughout the
deposition process, causing cracking of the coating and delamina-
tion at the poorly bonded interface.
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.3. Microstructural characterization of Al2O3–TiB2/Ni coating
In order to further reduce defects in the surface coating, we used
 multi-layer coating process in which the electrodes were ﬁrst
oated with Ni and then with Al2O3–TiB2 in air using ESD. This idea
rose from the research work of Luo et al. [10,11,13]. Pure metallic
i rods were used for the ﬁrst coating, and Al2O3–TiB2 composite
od for the second coating, as described for the experiments above.
ig. 3 shows SEM images of Al2O3–TiB2/Ni coating and correspond-
ng element X-ray mapping of Ni (Fig. 3b), Cu (Fig. 3c) after only a Ni
ayer was applied. The cross-section images demonstrated a dense
nterface and no cracks in the Ni coating; thickness of the Ni coating
as approximately 10 m (Fig. 3a). When Al2O3–TiB2 was coated
nto the Ni layer, a coating almost free of defects was obtained, as
hown in Fig. 4a.
These defects were almost completely eliminated when
l2O3–TiB2 composite was coated onto a Cu–Cr–Zn electrode pre-
oated with Ni, as shown in Fig. 4a (corresponding element X-ray
apping of Al, Ti, Ni and Cu as Fig. 4b–d shown, respectively).
his is attributed to the material wettability and physical prop-
rties of the Ni interlayer (the coefﬁcients of thermal expansion of
i is 13.3 × 10−6 m/K  at 293 K). A detailed analysis of the role of
etals as binders for ceramics based on their wetting characteris-
ics has been provided by Ogwu and Davies [20]. Yasinskaya [21]
alculated that the wetting angle of TiB2 on Cu is 127◦, while therresponding element X-ray mapping of Al (b), Ti (c), Ni (d) and Cu (e).
corresponding angle on Ni is 65◦. This makes Ni a more suitable
binder for TiB2. The wetting phenomenon has been attributed to
unﬁlled d orbitals in transition metals and their compounds, includ-
ing borides and carbides [22]. In addition, Ni has superior fracture
toughness, allowing for residual tensile stress developed during
coating to be relieved by plastic deformation of the deposited
Ni interlayer. Overall, these factors led to a signiﬁcant reduc-
tion in the number of cracks and other defects observed in the
coating.
XRD patterns, as shown in Fig. 5, indicated the main constituent
phases of Al2O3–TiB2/Ni coating were Al2O3, TiB2, Ni and Cu. There
were no discernible peaks from any other Ti–Cu, Ti–Ni or Ti–Cu
intermetallic phases, showing that mixing was purely physical in
nature with Cu and Ni acting as binders.
3.4. Mechanical characterization
Preliminary mechanical characterization of the electrode
coatings was conducted using a microhardness tester. When ESD
Al2O3–TiB2 was directly deposited on the Cu–Cr–Zn substrate in
air, the Al2O3–TiB2 coating had lower average microhardness value
(1100 HV50). In comparison, the average microhardness values of
Al2O3–TiB2/Ni coating were 2200–HV50. Fig. 6 shows the distri-
bution of microhardness away from the center of the coatings;
the corresponding microhardness impressions on a cross section
P. Luo et al. / Journal of Asian Ceram
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4. Conclusions
When Al2O3–TiB2 was  coated onto the surface of a Cu–Cr–Zr
alloy electrode in air by ESD, the coating contained many defects,
such as cracks, delamination and pore, with a microhardness of
about 1100 HV50. In contrast, with Al2O3–TiB2 coated in a pre-
existing Ni interlayer, it was  found that defects were substantially
reduced. There were fewer cracks, and microhardness of the coat-
ing increased to about 2200 HV50. This phenomenon is attributed
to the fact that Ni is a suitable binder for TiB2, and has superior
fracture toughness that relieves residual tensile stress by plastic
deformation of the deposited Ni interlayer.
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